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ABSTRACT
The M ey e r -S ch u ster  rearran gem en t o f  1 , l - d i p h e n y l - 2 - p r o p y n - l - o l  
in  m o d era te ly  c o n c e n tr a te d  s u l f u r i c  a c i d ,  to  3 , 3 - d i p h e n y l - 2 - p r o p e n - l - a  
was i n v e s t i g a t e d  to  d e term in e  th e  r e a c t i o n  mechanism. K i n e t i c  s t u d i e s  
r e v e a le d  f i r s t - o r d e r  r a t e  b e h a v io r  and l i n e a r i t y  r e l a t e d  to  th e
a c i d i t y  f u n c t i o n ,  H . A c t i v a t i o n  p aram eters  (AS^ = - 2 7 . 4  e . u .  a t
H = 0 ) ,  s o l v e n t  i s o t o p e  e f f e c t  (k^ ^ /k  ^ = 0 .5 2 )  and p r e d ic t e d  su b -o H0U D0Uz z.
s t i t u e n t  e f f e c t s  (p = a t  l e a s t  - 1 . 8 )  a r e  c o n s i s t e n t  o n ly  w i th  a 
mechanism w hich  in v o lv e s  a r a p id  p r e - e q u i l ib r iu m  fo r m a t io n  o f  th e  con­
j u g a t e  a c id  o f  th e  a lc o h o l  f o l l o w e d  by u n im o le c u la r  or p su e d o -  
u n im o le c u la r  rearrangem en t to  th e  p r o d u c t .  T h e o r e t i c a l  t r e a tm e n t  o f  
th e  s o l v e n t  i s o t o p e  e f f e c t  l i m i t s  th e  t r a n s i t i o n  s t a t e  to  one w i t h  
o n ly  e l e c t r o s t a t i c  i n t e r a c t i o n .




The M ey e r -S ch u ster  rearran gem en t i s  th e  i s o m e r i z a t i o n  by a
1 ,3  s h i f t ,  o f  seco n d a ry  and t e r t i a r y  a - a c e t y l e n i c  a l c o h o l s  to  
a ,3 - u n s a t u r a t e d  c a rb o n y l  p r o d u c t s .  When th e  a c e t y l e n i c  group i s  
t e r m in a l ,  th e  p r o d u c ts  a r e  a ld e h y d e s ;  o t h e r w is e ,  th ey  a r e  k e to n es .^
OH
! +H+





C— C = C— R,
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The Rupe rearrangem ent has been  d e f in e d  as th e  a c i d - c a t a l y z e d  
rearrangem ent o f  t e r t i a r y  a - a c e t y l e n i c  a l c o h o l s  l e a d i n g  to  th e  fo rm a tio n ,  
p red o m in a n tly  o f  a ,B - u n s a t u r a t e d  ketones.'*'
2
In 1 9 2 2 ,  Kurt H. Meyer and Kurt S c h u s te r  r e p o r te d  th e  f i r s t  
exam ple o f  a M ey e r -S ch u ster  rearrangem ent when th ey  c o n v e r te d  1 , 1 , 3 -  
t r i p h e n y l p r o p - 2 - y n - l - o l ,  1 ,  to  th e  co r r e s p o n d in g  k e to n e ,  3 -p h e n y l -  
c h a lc o n e ,  2 ,  in  a c e t y l  c h l o r i d e .  When th ey  r e p e a te d  th e  exp er im en tf\j
in  a v a r i e t y  o f  a c i d i c  c a t a l y s t s - - - a c e t i c  a n h y d r id e ,  t h i o n y l  c h l o r i d e ,
h ydrogen  c h l o r i d e ,  s u l f u r i c  a c i d — th e y  found t h a t  th e  k e to n e  was s t i l l
2
th e  o n ly  p r o d u c t .
They p rop osed  two schem es fo r  t h i s  rearran gem en t.
Scheme 1:
OH 0




In  Scheme 1 ,  th e  a ro m a tic  r a d i c a l  i s  m ig r a t in g  by a 1 , 3
s h i f t  and in  Scheme 2 ,  th e  h y d ro x y l group i s  m ig r a t in g  by a 1 ,3
s h i f t .  In o rd er  to  d e term in e  w hich  r e a c t i o n  scheme was ta k in g  p l a c e ,
th e y  perform ed th e  r e a c t i o n  on I f  i t  w ere th e  h y d ro x y l  group ,
m ig r a t in g  th e  rearrangem ent w ould  y i e l d  a k e to n e  w i t h  a s t r u c t u r e  l i k e
2
4 ,  and t h i s  i s  what th ey  foun d . A f t e r  t h i s  in fo r m a t io n  had beenO/
o b t a i n e d , v a r io u s  o th e r  a c e t y l e n i c  a l c o h o l s  w ere i n v e s t i g a t e d  in  a 
OH OH 0
p -c i ( t )^ |  p-ci<L | -  p -c i ik  ||
C— C i  C— (p --------->- C = S C = C ~ (P  - 1 -  X C = C H —  C— I)
p-Cl<|> p - C l<!S p - c u t ) ^
•2 k
3
v a r i e t y  o f  d i f f e r e n t  a c id  a g e n t s .  I t  has been found t h a t  a g r e a t
3cv a r i e t y  o f  compounds undergo t h i s  rea rra n g em en t.  Rupe and co -w o rk ers
th en  i n v e s t i g a t e d  th e  a c i d - c a t a l y z e d  i s o m e r i z a t i o n  o f  a l a r g e  number
o f  a - a c e t y l e n i c  a l c o h o l s  w ith  a c t i v e  a c e t y l e n i c  hydrogens in  fo r m ic
4
a c id  and r e p o r te d  th a t  th ey  y i e l d e d  th e  co r r e s p o n d in g  a ld e h y d e s .  
S u b sequ en t s t u d i e s  on t h e s e  compounds d id  n o t  con firm  th e  r e s u l t s  o f  
Rupe and h i s  c o l l e a g u e s .  F i s c h e r  and Lowenbey-' showed t h a t  when h e a te d  
in  fo rm ic  a c id  ^ y i e l d e d  an i s o m e r ic  k e to n e ,  6 ,  and n o t  an a ld e h y d e ,






R1 R2 R3 H
0
CHCH
These w ork ers  s u g g e s te d  t h a t  k e to n e s  w ere th e  main p r o d u c ts
o f  th e  rearran gem en t and th a t  a ld e h y d e s  w ere formed o n ly  in  v e r y  s m a l l
6q u a n t i t i e s .  Hurd and C h r is t  r e p e a te d  some o f  R upe's  work on e t h y n y l -  
c a r b i n o l s ,  5 .  8 and s t u d ie d  an a d d i t i o n a l  compound 1 0 .  H is i n v e s t i -'b %















4 f  4h 4 eRupe had r e p o r te d  t h a t  in  th e  rearran gem en t o f  1 2 ,  1 5 ,  and 1 8 ,
' X i  ’X j  * \ j
t h a t  th e  a, 0 -u n sa tu r a te d  k e t o n e s ,  1 3 ,  16ab , and 1 9 ,  w ere formed w h i l e
* \ j  * \ t  ' 'V
4 b—inin  th e  m a jo r i ty  o f  th e  o t h e r  compounds he. s t u d i e d  o n ly  th e
u n sa tu r a te d  a ld e h y d e s  w ere o b t a in e d .  No e x p la n a t io n  a s  to  why a l d e ­
hyd es w ere formed in  some c a s e s  and k e to n e s  in  o t h e r  c a s e s  had been




























Hurd found t h a t  i n  a l l  th e  c a s e s  he s t u d i e d ,  k e to n e s  6 ,  9 ,  anda- a-
11 w ere  formed and th a t  t h e r e  was no i n d i c a t i o n  o f  any a ld e h y d ic  
p r o d u c t s .^  P r i c e  and M e ise l^  r e p e a te d  work on 21 and r e p o r te d  th a t  
th ey  o b ta in e d  th e  k e to n e ,  2 2 ,  i n s t e a d  o f  th e  a ld e h y d e ,  2 3 .  They
'V> > \j
p o s t u l a t e d  t h a t  th e  m ost l i k e l y  p ath  f o r  t h i s  rearrangem ent to  ta k e  
w ould  be  th e  i n i t i a l  d e h y d r a t io n  o f  th e  c a r b in o l  to  a v i n y l a c e t y l e n i c  
homolog s i n c e  v i n y l a c e t y l e n e s  a r e  r e a d i l y  h y d ra ted  to  a ,  (3 -unsaturated  




















qv chq 9,I 11




Hurd and Jon es  p o s t u l a t e d  t h a t  l - e t h y n y l c y c l o h e x a n o l s  
rea rra n g ed  to  t h e i r  c o r r e sp o n d in g  u n s a tu r a te d  k e to n e s  through an 
"enyne" in t e r m e d i a t e .  On t r e a t i n g  5 w ith  c h l o r i n a t i n g  a g e n t s ,  they  










S tr u c tu r e  A was e l im in a t e d  b e c a u se  th e  p rod u ct  d id  n o t  d i s p l a y
a c e t y l e n i c  r e a c t i o n s  and d id  n o t  p o s s e s s  a r e a c t i v e  c h l o r i n e  atom.
S tr u c tu r e  B was e l im in a t e d  b e c a u s e  upon o z o n a l y s i s  i t  sh o u ld  have
y i e l d e d  cy c lo h e x a n o n e  w hich i t  d id  n o t .  Compound C was prepared  by
9
Carothus and Coffman by th e  a d d i t io n  o f  h y d r o c h lo r i c  a c id  to  24 in  th e  
p r e s e n c e  o f  cuprous and ammonium c h l o r i d e s .  T h eir  p rod u ct  proved  to  
be i d e n t i c a l  to  H urd's s t r u c t u r e  C through b o i l i n g  p o i n t ,  r e f r a c t i v e  
in d e x  and th e  m e l t in g  p o in t  o f  th e  n ap hthoqu inon e d e r i v a t i v e .
T h e r e fo r e ,  Hurd presumed 24 to  b e  an in t e r m e d ia t e  in  th e  t r a n s fo r m a t io nr\,
x C • -  8o f  5 i n t o  C.'V -V
4 iRupe e x p la in e d  th e  fo r m a t io n  o f  b o th  a ld e h y d e s  and k e to n e s  
by p r o p o s in g  a mechanism f o r  th e  rearran gem en t w ith  th e  in t e r m e d ia t e  













CH -  C -  CECH 
R„
R O/ \
CH-C —  C=CH
R /  I *
2
f

















C h a n e ly ^  su p p orted  t h i s  p r o p o s a l  w i th  th e  c o n v in c in g  e v id e n c e  th a t  
i n  th e  rearran gem en t o f  5 and i t s  d e r i v a t i v e s ,  in  a d d i t i o n  to  k e t o n e s ,  






















6% y i e l d
29v
D e s p i t e  t h i s ,  s e v e r a l  a u th o r s  s t a t e d ,  in  t h e i r  p a p e r s ,  t h a t  o n ly  the  
a ,0 - u n s a t u r a t e d  k e to n e s  w ere  o b t a i n e d , ^ ^  w h i l e  o t h e r s
12s t a t e d  th a t  both  th e  u n sa tu r a te d  k e to n e s  and a ld e h y d e s  w ere  fou n d . *
In c o n t r a s t  to  th e  above r e s u l t s ,  th e  rearran gem en t o f
a r o m a t ic  a c e t y l e n i c  a l c o h o l s  w ith  an a c t i v e  a c e t y l e n i c  hydrogen  l e d
13 3 4to  th e  fo r m a t io n  m ain ly  o f  th e  e x p e c te d  a ld e h y d e s .  * ' One p a r -
14t i c u l a r  exam ple was g iv e n  by MacGregor. He p o s t u l a t e d  th a t  th e  
rearran gem ent o f  e t h y n y l c a r b i n o l s  p ro b a b ly  p ro ceed ed  by i n i t i a l  
e l i m i n a t i o n  o f  th e  h y d ro x y l  group to  form a carbonium i o n .  The l o s s  
o f  a p r o to n  from an a d j a c e n t  carbon  fo l lo w e d  by h y d r a t io n  o f  th e  
t r i p l e  bonds and k e t o n i z a t i o n  would y i e l d  th e  o b se r v e d  u n sa tu r a te d  
k e t o n e s .  S h i f t i n g  th e  carbonium io n  to  th e  a l l e n i c  s t r u c t u r e  f o l ­
low ed by r e a c t i o n  w i th  w a te r  a t  th e  p o s i t i v e  t e r m in a l  carbon would  
y i e l d  th e  e n o l i c  form o f  th e  u n s a tu r a te d  a ld e h y d e  w hich  i s  in  
e q u i l ib r iu m  w ith  th e  a ld e h y d e .  With p h e n y l e t h y n y l c a r b i n o l , 3 0 ,  heOp
found t h a t  in d eed  th e  u n s a tu r a te d  a ld e h y d e ,  3 1 ,  was form ed. T h is  i s  
b e c a u s e  th e  carbonium io n  formed can n ot e l i m i n a t e  a p r o to n  from th e  
a d j a c e n t  carb on .
OH 0
J  11(|)-C-Ce:CH ------------ 5- (j)-CH=CH-CH
H
30 ^20% y i e l d'Xi
31
B e r g m a n n ,^  i n  h i s  s tu d y  o f  32 , s a id  t h a t  th e  k e to n e s  appeared  
to  b e  form in g  a lm o s t  e x c l u s i v e l y  by th e  d e h y d r a t io n  o f  th e  t e r t i a r y  









CH =C-C-CH 2 i 3
CH.
32 33
16H ennion , D a v is ,  and Maloney r e p r e s e n te d  th e  mechanism o f  
























T h is  i s  su p p o rted  by C hanely ,^^  who found t h a t  th e  d e h y d r a t io n  and






















6% y i e l d
35
A nother example i s  m e t h y l e t h y l e t h y n y l c a r b i n o l , 36 . Rupe
'X /
o r i g i n a l l y  th o u g h t  th a t  th e  p ro d u ct  was th e  a ld eh y d e  b u t i t  was




+H +  H










T h e r e fo r e ,  th e  Rupe rearrangem en t r e a c t i o n  was proposed  to  o ccu r  by
an ap p aren t 1 ,2  s h i f t  o f  th e  h y d ro x y l  group w h i le  th e  M ey e r -S c h u s te r
16rearran gem en t was a 1 , 3 — or a l l y l i c  s h i f t .
17Newman s u g g e s te d  a c a r b o c a t io n  mechanism f o r  th e  r e a r r a n g e ­











He o b serv ed  t h a t  e t h y n y lc y c lo h e x e n e ,  2 4 ,  was tran sform ed  much s lo w e r  
than e t h y n y lc y c l o h e x a n o l , 5 ,  r ea rra n g ed  to  39 by th e  a c id  form o f
< \ ,  'X i
Dowex 50 in  a c e t i c  a c i d .  T h e r e fo r e ,  he  s a id  a mechanism w it h  an 
enyne as  an in t e r m e d ia t e  (a s  was p rop osed  in  R e fe r e n c e  8) was n o t  
l i k e l y .  Thus, t h e r e  must be m o le c u la r  rearran gem en t ta k in g  p la c e
r a th e r  than  h y d r o x y l  m ig r a t io n  through 38a . He found t h a t  a number
'V
o f  compounds w ere sm ooth ly  h y d ra ted  to  c o r r e s p o n d in g  c a rb o n y l  com­
pounds in  70 to  80 p e r c e n t  y i e l d s  by t h i s  mechanism.
18A n s e l l ,  Hancock, and H ick in b o tto m  a c c e p te d  t h i s  mechanism
i n  t h e i r  s tu d y  o f  th e  h y d r a t io n  o f  t e r m in a l  v i n y l a c e t y l e n e s  w ith
fo rm ic  a c i d  i n  b e n z e n e .  However, t h i s  mechanism was r e f u t e d  by Apparu 
19and G len a t  who o b serv ed  enynes as w e l l  as k e t o n ic  p r o d u c ts  d u r in g
th e  i s o m e r i z a t i o n  o f  some e t h y n y lc a r b i n o l s  w ith  Dowex 50 i n  a c e t i c
17 13a c i d .  C ontrary to  b o th  o f  th e  above r e p o r t s ,  * th ey  w ere a b le  to  
g e t  q u ic k  and co m p le te  h y d r a t io n  o f  v i n y l a c e t y l e n e s  w ith  Dowex 50 in  
a c e t i c  a c i d .  W hile  th e y ,  t o o ,  o b se r v e d  t h a t  en yn es  w ith  t e r m in a l  
v i n y l  groups w ere h y d ra ted  much s lo w e r  than e t h y n y l c a r b i n o l s ,  they  
w ere a b le  to  b r in g  ab ou t r a p id  i s o m e r i z a t i o n  by u s in g  s u l f u r i c  a c id  
i n  a c e t i c  a c i d .
Hurd and C h r is t . ,^  H ennion , D a v is ,  and M aloney,"^  and Ham let,
20H enbest and J o n e s ,  a l l  a g r e e  t h a t  a c e t y l e n i c  a l c o h o l s  are  d eh yd rated  
in t o  enynes and t h e i r  s u b se q u e n t  h y d r a t io n  l e a d s  to  th e  fo r m a t io n  o f  
k e t o n e s .  T h is  i s  th e  g e n e r a l l y  a c c e p te d  mechanism f o r  th e  Rupe 
r e a r r a n g e m e n t .
13
C=CH C=CH C-CH
20H am let, H enbest and Jones r e p o r te d  th a t  a f t e r  te n  m in u tes  o f  







45 m in u tes  o f  h e a t in g  th e  same m ix tu re  was o b ta in e d  b u t  w i t h  a g r e a t e r
p r o p o r t io n  o f  4 1 .  Only one k e to n e  was form ed, 4 1 ,  t h e r e f o r e ,  th e
d e h y d r a t io n  must be more r a p id  than th e  a l t e r n a t i v e  1 , 3  s h i f t  o f  th e
h y d ro x y l  group l e a d i n g  to  4 2 .
T his  d e h y d r a t io n -h y d r a t io n  mechanism i s  f u r t h e r  su p p o r te d  by
21th e  s p e c t r o s c o p i c  d e t e c t i o n  o f  th e  enyne in t e r m e d ia t e  and th e
• i * 8 , 1 8 , 2 0 , 2 2 , 2 3  __ , „ 24 . .  ,i s o l a t i o n  o f  e n y n e s .  Newman and Golbe a f f o r d  even
g r e a t e r  e v id e n c e  when th ey  o b se r v e d  t h a t  43 was c o n v e r te d  to  44Oj v







T his  fa v o r s  th e  in te r m e d ia c y  o f  43 in  th e  rearrangem en t o f  ^5 to  ^ 4 .
16H ennion , D a v is ,  and M aloney, r u le d  o u t  th e  p o s s i b i l i t y  o f  a 
h y d r a t io n - d e h y d r a t io n  seq u en ce  when th ey  o b se r v e d  th a t  ^ 6 and ^7 a r e  














25Dornow and I s c h e  s u g g e s t e d  a r e a c t i o n  mechanism f o r  th e  
M ey e r -S ch u ster  rearrangem ent i n v o l v i n g  a carbonium io n  f o l lo w e d  by 
an in t e r m e d ia t e  v i n y l  a l c o h o l  and su b se q u e n t  i s o m e r i z a t i o n  i n t o  a
15






















A lk y n l  c a t i o n s  l i k e  51a h ave  been  s p e c t r o s c o p i c a l l y  d e t e c t e d
26 19by both  NMR and UV. Appara and G len a t  found th a t  when some
e t h y n y lc a r b i n o l s  w ere r e a c te d  in  a c e t i c  a c i d ,  a l l e n y l  a c e t a t e s  w ere
form ed. This was c o n s id e r e d  to  b e  good e v id e n c e  f o r  th e  t r a n s i e n t
e x i s t e n c e  o f  an a l l e n v l  c a t io n  l i k e  51b . These c a t i o n s  have  a l s o
b een  shown to  be in t e r m e d ia t e  i n  th e  s o l v o l y s i s  o f  h a l o a l l e n e s . 27
Meyer and S c h u s te r  w ere a b le  to  i s o l a t e  4 , 4 ’-d ic h lo r o b e n z o p h e n o n e
from th e  a c i d - c a t a l y z e d  i s o m e r i z a t i o n  o f  3 and o x i d a t i v e  d e g r a d a t io n .
2 8T his  i s  a d d i t i o n a l  good s u p p o r t iv e  e v i d e n c e .  W oitz a l s o  su p p o r ts  
t h i s  1 , 3  p r o p a r g y l  s h i f t .
W hile  th e  M ey e r -S ch u ster  rearran gem en t has been  shown to  
o ccu r  by a form al 1 , 3 -p r o p a r g y l  s h i f t  o f  h y d r o x y l ,  th e  d e t a i l s  o f  th e  
mechanism have n o t  b een  d e term in e d .
CHAPTER II
MECHANISMS
The h y d r o x y l  groups in  a l c o h o l s  a re  n o t  good l e a v i n g  groups  
u n t i l  th ey  a re  p r o to n a te d  to  ROH2+ . R e a c t io n s  in  w hich  th e  l e a v i n g
group d oes  n o t  come o f f  u n t i l  i t  i s  p r o to n a te d  are  c a l l e d  S^lcA and
S^2cA (d ep en d in g  on w h ether  th e  r e a c t i o n  a f t e r  th e  p r o t o n a t io n  i s  an
29 aS^l or  an S^2 p r o c e s s ) .  T h is  i s  o f t e n  s h o r te d  to  A - l  and A -2 .
In an A - l  r e a c t i o n ,  th e  p r o t o n a t io n  o f  th e  s u b s t r a t e  o c c u r s  q u ic k ly .  
The f i r s t  s t e p  i s  th e  r a p id  fo r m a t io n  o f  th e  c o n ju g a te  a c id  o f  th e  
s u b s t r a t e — a p r e - e q u i l ib r iu m  s t e p .  In th e  seco n d  s t e p ,  th e  c o n ju g a te  
a c id  th en  undergoes  a s lo w  u n im o le c u la r  t r a n s fo r m a t io n  i n t o  r e a c t i o n  
p r o d u c t s .
S + H*« s o l v e n t  SH+ + s o l v e n t
_TT-f- S1OW . ,SH ---------->- p r o d u c ts  +  H
A - l
In  an A-2 r e a c t i o n ,  th e  f i r s t  s t e p  i s  th e  same as  in  th e  A - l  
r e a c t i o n .  In th e  second  s t e p ,  th e  c o n ju g a te  a c id  may undergo a s lo w  
d i s s o c i a t i o n  b e f o r e  r e a c t i n g  w i th  w a ter  in  a t h i r d  f a s t e r  s t e p  or  
w a te r  as  a n u c l e o p h i l e  may a t t a c k  th e  c o n ju g a te  a c id  o f  th e  s u b s t r a t e ,
S + H^(H20 ) n  4= == ^  SH+ + nH 0
SH+ + H20 S-1™  p ro d u ct  + H+
16
A-2
A s p e c i a l  ty p e  o f  A-2 r e a c t i o n  i s  th e  A-S 2 .  I t  i s ,  in  f a c t ,  anE
e l e c t r o p h i l i c  s u b s t i t u t i o n  w hich  i n v o l v e s  th e  s u b s t r a t e  and th e  pro­
to n  i n  th e  r a t e  d e te r m in in g  s t e p .  I t  in v o l v e s  a s lo w  p ro to n  t r a n s f e r
from an a c i d i c  s p e c i e s  to  th e  s u b s t r a t e ,  f o l l o w e d  by a r a p id  f u r t h e r
r x * - j  29br e a c t i o n  o f  th e  c o n ju g a te  a c i d .
S + H"*“» s o l v e n t  - -s— SH+ -r s o lv e n t i
SH+ _ l £ S t ^  p ro d u cts  + H+
A-S„2E
The f o l l o w i n g  a r e  p o s s i b l e  mechanisms f o r  th e  M ey e r -S ch u ster
rearrangem ent in  s u l f u r i c  a c i d .
1 .  E q u il ib r iu m  p r o t o n a t io n  o f  th e  a l c o h o l  w ith  w a te r
e l i m i n a t i o n  r a t e - l i m i t i n g .
OH +0H„













Rv + . R v.
















2 .  E q u il ib r iu m  p r o t o n a t io n  o f  a l c o h o l  w i th  a d d i t i o n  o f
w a te r  r a t e - l i m i t i n g  
OH "OH
18
R °*2 R °^l2
J,C-CEC-R -- - - --  -» ^ ,C = O C -R  (b)
r /
p  +0Ho OH 0
\  ! f a s t  \  I \  II0 = 0  C-R - l -> C= C=C-R  >- j 'O O C -R  (c)
R ^  r /
3 .  R a t e - l i m i t i n g  p ro to n  t r a n s f e r .
R 9 H R 0HV  Rv I
'  1 a- s lo w  X  1 +C--C=C-R + H O - -- -- - ->• C-C=C-R + H O (a)
r /  3 R -" ^  I 2
H
t, OH OH OH
\  I + \  I I
C-CH-C-R + Ho0 ------------  ^ . C-CH=C-R (b)
R - /  * r/
OH OH „ OH 0
R\ l  I , R\ l  I
C-CH=C-R C-CH-C-R + Ho0+ (c )
r /  r /  3
v °H °  „ 0
\  I H f a s t  \  (IC-CH-C-R - - --- ■» C=C-C-R (d)
R ^  R ^
CHAPTER III
EXPERIMENTAL
M a t e r ia ls
U l t r a v i o l e t  s p e c t r a  w ere rec o rd ed  u s in g  a Beckman DK--2 
r a t i o  r e c o r d in g  s p e c tr o p h o to m e te r .  R o u tin e  in f r a r e d  s p e c t r a  were  
o b ta in e d  u s in g  a P er k in s-E lm er  Model 337 s p e c tr o p h o to m e te r .
1 .  1 ,l - D i p h e n y l - 2 - p r o p y n - l - o l .  The w r i t e r  i s  in d e b te d
30to  W hitney A. Boynton f o r  t h i s  sa m p le .  I t  was used  w ith o u t  f u r t h e r  
p u r i f i c a t i o n .
2 .  D euterium  o x id e  was o b ta in e d  from Bio-Rad L a b o r a to r ie s  
and was 99.88% d e u t e r a t e d .
3 . D e u t e r i o s u l f u r i c  a c id  was o b ta in e d  from M a l l in c k r o d t  
C hem ical Works and had an i s o t o p i c  p u r i t y  o f  99.5%.
4 .  O ther  m a t e r i a l s . R eagent grad e  s u l f u r i c  a c id  and 
c e r t i f i e d  ACS grade d io x a n e  were o b ta in e d  from F is h e r  S c i e n t i f i c  
Company and w ere u sed  w ith o u t  f u r t h e r  p u r i f i c a t i o n .
K i n e t i c  S t u d ie s
1 .  P roced ure  and C a lc u la t i o n s
A l l  k i n e t i c  s t u d i e s  w ere perform ed on a G i l f o r d  
In stru m en ts  Model 240 sp e c tr o p h o to m e te r .  The c e l l  compartment was 




f o r  each  k i n e t i c  ru n . A matched s e t  o f  1 cm c e l l s  from Luminon, I n c . ,  
w ere u s e d .
-3
A s t o c k  s o l u t i o n  o f  5 x 10 M o f  th e  a l c o h o l  was p r e ­
pared  i n  d io x a n e .  A p p r o p r ia te  d i l u t i o n s  o f  t h i s  s t o c k  s o l u t i o n  were
- 4made to  a c h ie v e  a f i n a l  c o n c e n t r a t io n  o f  1 .2 5  x 10 M w hich  was to  
be used  in  th e  k i n e t i c  work. For a t y p i c a l  k i n e t i c  run in  w hich  a 
4 0 :6 0  d i o x a n e : s u l f u r i c  a c id  s o l u t i o n  by volum e was d e s i r e d ,  10 ml o f  
-4th e  1 .2 5  x 10 M a lc o h o l  s o l u t i o n  was p ip e t e d  i n t o  a 25-m l v o lu m e t r ic  
f l a s k .  E x a c t ly  15 ml o f  aqueous s u l f u r i c  a c id  o f  th e  d e s i r e d  con­
c e n t r a t i o n  was added by p i p e t  r e s u l t i n g  in  a s o l u t i o n  o f  f i n a l  con­
c e n t r a t i o n  o f  5 . 0  x 10 ~*M i n  th e  a l c o h o l .  The f l a s k  was in v e r t e d  
tw ic e  and th e  UV c e l l  q u ic k ly  r i n s e d  t w ic e  w ith  th e  k i n e t i c  s o l u t i o n .  
The c e l l  was th en  f i l l e d ,  s to p p e r e d ,  p la c e d  in  th e  c e l l  com partm ent,
and a l lo w e d  to  e q u i l i b r a t e .  The app earan ce  o f  th e  p ro d u ct  a b so rb a n c e ,  
a
n ir , 304 mp, was record ed  v e r s u s  t im e by f i r s t  z e r o in g  th e  i n s t r u ­
ment on a b la n k  i d e n t i c a l  to th e  sam ple e x c e p t  fo r  th e  p r e s e n c e  o f  
th e  a l c o h o l .  At th e  end o f  each  k i n e t i c  run , th e  a b so r b a n c e s  w ere  
read  o f f  o f  th e  graph by s u b t r a c t i n g  o u t  th e  a b so rb a n ce  o f  th e  b la n k .
A v o l u m e t r i c a l l y  measured and w eighed  p o r t io n  o f  th e  
k i n e t i c  s o l u t i o n  was t i t r a t e d  a g a i n s t  s ta n d a r d iz e d  sodium h y d r o x id e .  
The w e ig h t  p e r c e n t  and m o la r i t y  w ere c a l c u l a t e d .  The Hammett a c i d i t y
f u n c t io n  was th en  d eterm ined  by r e f e r e n c e  to  th e  H s c a l e  o f  T orek ,o
H e l l e n ,  and Coussemant f o r  aqueous s u l f u r i c  a c id  in  4 0 :6 0  d io x a n e :
31w ater  s o l u t i o n  a t  25°C. A computer program was used  to  do a l e a s t
21
sq u a r e s  tr e a tm e n t  o f  th e  d a ta  to  o b t a in  th e  r a t e  c o n s t a n t s .
2 .  S o lv e n t  D euterium  I s o t o p e  E f f e c t  Measurement
A s t o c k  s o l u t i o n  o f  th e  a l c o h o l  was p rep ared  by 
-4d i l u t i n g  5 ml o f  th e  5 x 10 M a l c o h o l  s o l u t i o n  w ith  5 ml o f  pure  
d io x a n e  and 15 ml o f  ^ 4 0 :6 0  dioxanerD^O s o l u t i o n  was p r e -
pared  by d i l u t i n g  20 ml o f  pure d io x a n e  w ith  30 ml o f  D^O. An
a p p r o x im a te ly  1 . 5  M D9 S0^ s t o c k  s o l u t i o n  was p rep ared  by d i l u t i n g
2 ml DoS0, w i t h  25 ml o f  th e  above 4 0 :6 0  d ioxan e:D _0  s o l u t i o n .2 4 2
-4For each  k i n e t i c  s t u d y ,  4 ml o f  th e  1 .2 5  x 10 M 
a l c o h o l  s o l u t i o n  was p ip e t e d  i n t o  a 25-m l v o lu m e t r ic  f l a s k .
A p p r o p r ia te  vo lum es o f  th e  4 0 :6 0  d io x a n e ^ £ 0  s o l u t i o n  and th e  D^SO^
s t o c k  s o l u t i o n  w ere added by p i p e t  so as  to  a c h ie v e  th e  v a r io u s  
m o l a r i t i e s  d e s i r e d .  The k i n e t i c  s tu d y  was then  condu cted  as p r e ­
v i o u s l y  d e s c r ib e d .
R e s u l t s
T ab les  I and I I  p r e s e n t  th e  d a ta  c o l l e c t e d  in  t h i s  work.
F ig u r e  1 p r e s e n t s  th e  a c i d i t y  p r o f i l e  o f  th e  compound s t u d i e d .  The 




















J  ,  i!ffi-C-C=C-H — ----------- ©-OC-C-H
| o b s 'd  |
W eight M 10 k , , , H - l o g  k ,e obs d , o obs dP e r c e n t
H_S0. s e c “i a2 4
1 0 .2 7 9 1 .1 5 0 0 .7 9 4 0 .5 3 5 .1 0 0
1 1 .4 2 9 1 .3 0 4 1 .1 1 4 0 .4 3 4 .9 5 5
1 3 .5 2 3 1 .5 3 4 2 . 0 2 2 0 .2 8 4 .6 9 4
1 4 .4 4 7 1 .6 4 7 2 .8 2 6 0 . 2 2 4 .5 4 8
1 5 .6 0 9 1 .7 9 2 4 .3 4 1 0 . 1 1 4 .3 6 2
1 6 .0 0 6 1 .8 5 6 5 .0 1 0 0 .0 7 4 .3 0 0
8 .7 5 1 0 .9 6 8 1 .6 5 6 0 . 6 6 4 .7 7 9
1 0 . 2 0 2 1 .1 2 9 2 .3 6 8 0 .5 5 4 .6 2 5
1 1 .3 7 9 1 .2 7 5 3 .1 5 6 0 .4 5 4 .5 0 0
1 3 .5 2 3 1 .5 4 2 5 .4 2 5 0 .2 8 4 .2 6 5
1 4 .5 5 3 1 .6 6 3 6 .7 5 8 0 . 2 1 4 .1 7 0
1 6 .0 3 9 1 .8 5 4 9 .7 2 9 0 .0 7 4 .0 1 2
4 .7 8 9 0 .5 1 9 1 .5 9 3 1 .0 6 4 .7 9 8





P e r c e n t
H2S04
M 1 0 ” 5 k , . ,  obs d
- l as e c
H b o “ lo g  ko b s 'd T°C
18 7 .1 6 4 0 .7 8 3 3 .3 6 6 0 „ 80 4 .4 7 2 4 4 .1 0
13 9 .1 0 0 1 .0 0 5 5 .3 7 0 0 .6 3 4 .2 7 0 4 4 .1 0
14 1 0 .5 1 3 1 .1 6 9 7 .3 2 6 0 .5 3 4 .1 3 5 4 4 .1 0
15 1 1 .7 6 6 1 .3 1 5 9 .7 5 9 0 .4 3 4 .0 1 0 4 4 .1 0
19 1 3 .5 4 6 1 .5 3 6 1 5 .2 6 0 .2 9 3.81.5 4 4 .1 0
clIn 4 0 :6 0  ( v /v )  d io x a n e :w a te r  




IN Do S0. AT 2 4 .6 5 °2 4
OH 0
d)-C-C=C-H  ----------------->- (j)-C=C-C-H
| ko b s ’d |
9 f
Run W eight
P e r c e n t
D2S°4
M 1 0 ~ 5 kobs*d  
- 1  as e c
D b o - l o g  k , t ODS c
A 3 .6 5 6 0 .4 0 8 0 .3 1 6 1 .1 8 5 .5 0
B 1 2 .0 6 7 0 .6 6 7 0 .5 9 2 0 .9 1 5 .2 2
D 1 4 .1 3 5 0 .7 8 8 0 .7 7 2 0 .8 0 5 .0 5
C 1 4 .3 9 5 0 .8 0 8 0 .8 8 9 0 .7 8 5 .1 4
E 1 7 .1 7 4 0 .9 6 6 1 .1 7 6 0 .6 5 4 .9 2
F 2 0 .5 8 6 1 .1 7 7 1 .8 8 7 0 .5 3 4 .7 2
In 4 0 :6 0  ( v /v )  d io x a n e :w a ter
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The R ate o f  Rearrangem ent o f
1 , 1 - D ip h e n y l - 2 - p r o p y n - l - o l
T e r t ia r y  p r o p a rg y l  a l c o h o l s ,  54 , undergo rearran gem en t r e a d i l yr\j
2
i n  aqueous a c id  s o l u t i o n s  to  a ,3 ~ u n s a t u r a t e d  k e t o n e s ,  5 5 .  For 
R OH K. n
\ i  \  n
„ ,-C-C=C-R„  * _ ^  C=CH-C~R
R2 d R ^  3
54 55a- a-
exam p le , l , l - ~ d i p h e n y l - 2 - p r o p y n - l - o l ,  56 , r e a r r a n g e s  to  3 , 3 - d i p h e n y l -o-
2 - p r o p e n - l - a l , 57 ( c f .  T a b les  I and I I ) .  When R, and R0 a re  groups'V 1 2
w hich  c o n ta in  h yd rogen s  a to  th e  a l c o h o l  group , e l i m i n a t i o n  i s  a
K T  K  iiC-C=C-H ----------------»- . C=CH-C-H
( j ) /  ^
56 57
com p etin g  r e a c t i o n  y i e l d i n g  an e n e -y n e .
The two mechanisms w hich  a re  p rop osed  f o r  t h i s  p a r t i c u l a r  
rearran gem en t r e a c t i o n  a r e  a s  f o l l o w s :  In Scheme A, f a s t  p r o t o n a t io n
o f  th e  a l c o h o l  a t  o x y g en ,  5 6 ,  i s  f o l l o w e d  by fo r m a t io n  o f  th e  p r o -'Xi
to n a te d  a l l e n o l ,  5 9 .  The a l l e n o l  l o s e s  a p ro to n  and k e t o - e n o la.
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The rearrangem ent s t e p ,  ( b ) ,  may p ro ceed  by two d i f f e r e n t  
r o u t e s .  F i r s t ,  i t  may be in t r a m o l e c u la r .
<K
A - l  58------
+ 0H ,
V  SVX
^.C— C = C— H
4=
59 (1)
Second , i t  may be i n t e r m o l e c u l a r . The in t e r m o l e c u la r  r e a c t i o n  may 
ta k e  p la c e  by an S 1 - l i k e  r e a c t i o n ,  ( 2 a ) ,  or  by an S ^ 2 - l i k e  r e a c t i o n ,
( 2 b ) .  The carbonium io n  u n d o u b ted ly  e x i s t s  as  a h e a v i l y  s o l v a t e d  io n  
r a t h e r  than  as  a f r e e  i o n .  S in c e  w a ter  i s  p r e s e n t  in  e x c e s s ,  i t  c o u ld
v .  \  * n +
X -C = C -H  -<— » X=C=C-HA - l  58   a.
Ho0
* 59 (2a )<\j
i n v o l v e  a t t a c k  by w a ter  a t  th e  a l l e n i c  p o s i t i o n  and s t i l l  obey th e  
same r a t e  law  as  th e  above tw o.






T h is  q u e s t io n  has been  c o n s id e r e d  in  s e v e r a l  r e p o r t s  on a c i d -
33 34c a t a ly z e d  rearran gem en ts  o f  a l c o h o l s . '  5 G oering  and D i lg r e n ,  in
th e  a c i d - c a t a l y z e d  rearran gem en t o f  a - p h e n y l a l l y l  a l c o h o l  to  c innam yl
a l c o h o l  i n v e s t i g a t e d  t h i s  q u e s t i o n  by d o in g  oxygen  exch an ge e x p e r i -  
18m ents w ith  0 . They fa v o r  an i n t e r m o l e c u la r  rearran gem en t i n v o l v i n g
th e  l - p h e n 3^ 1 a l l y l  c a t i o n .  S t i l e s  and Longray i n v e s t i g a t e d  th e  
q u e s t io n  in  th e  rearrangem ent o f  3 - a l k o x y a l l y l  a l c o h o l s .  They 
d e t e c t e d  no in t r a m o le c u la r  c o n t r i b u t i o n .
In Scheme B5 s lo w  p r o t o n a t io n  o f  th e  a l c o h o l  a t  carbon-2, 
r e s u l t s  f i r s t  i n  th e  h y d r a t io n  o f  th e  t r i p l e  bond to  an a l d o l , 6 3 ,  
w hich  i s  th en  d eh yd rated  r a p id ly  to  th e  a ld e h y d e .
Scheme B:
‘Xj
AS 2 56 + H_0+ - - - - - -u <\j j
OK






f a s t  \   ^  ^ v  Y X ,  I II61 --------^  C-CH=C-H . C-CH -C-H
^  ^  2
(b)
62 63'V
53  f a s t  d e h y d r a t io n  ? ^ (c )
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S in c e  A - l  r e a c t i o n s  undergo a s lo w  un .im olecu lar  t r a n s fo r m a t io n  
i n t o  r e a c t i o n  p r o d u c ts  th ey  would be e x p e c te d  to  e x h i b i t  f i r s t - o r d e r  
k i n e t i c s .  A-2 r e a c t i o n s ,  on th e  o t h e r  hand, i n v o l v e  th e  a t t a c k  o f  a 
n u c l e o p h i l e  on th e  s u b s t r a t e .  T h e r e fo r e ,  th e  r a t e  o f  th e  r e a c t i o n  
w i l l  be a f u n c t i o n  o f  th e  c o n c e n t r a t io n  o f  b o th  th e  s u b s t r a t e  and th e  
n u c l e o p h i l e  and, h e n c e ,  e x h i b i t  s e c o n d -o r d e r  k i n e t i c s .  When th e  
n u c l e o p h i l e  i s  p r e s e n t  in  e x c e s s ,  i . e . ,  when i t  i s  th e  s o l v e n t ,  th e n ,  
th e  r a t e  w i l l  b e  depend ent o n ly  on th e  c o n c e n t r a t io n  o f  th e  s u b s t r a t e  
s i n c e  any change in  n u c l e o p h i l e  c o n c e n t r a t io n  w i l l  be n e g l i b l e .  In 
t h e s e  c a s e s ,  th e  r a t a  o f  A-2 r e a c t i o n s  w i l l  b e  e x p e c te d  to  e x h i b i t  
f i r s t - o r d e r  k i n e t i c s  and a re  th us i n d i s t i n g u i s h a b l e  from A - l  r e a c t i o n s  
on k i n e t i c  d a ta  a lo n e .  A-S 2 r e a c t i o n s ,  a s p e c i a l  ty p e  o f  A-2 r e a c t i o n ,
when in  m o d era te ly  c o n c e n t r a t i o n  a c i d ,  e x h i b i t s  f i r s t - o r d e r  k i n e t i c s .
T h is  i s  b e c a u se  th e  hydrogen  io n  c o n c e n t r a t io n  i s  h ig h  and rem ains
c o n s t a n t  s i n c e  t h e s e  io n s  are  r e g e n e r a te d  in  th e  seco n d  s t e p  o f  th e  
29br e a c t x o n .
The ap p earan ce  o f  3 , 3 - d i p h e n y l - 2 - p r o p e n - l - a l  f o l l o w s  f i r s t -  
ord er  k i n e t i c s .  T h is  i s  c o n s i s t e n t  w ith  b o th  th e  mechanism schem es  
p rop osed  ab ove .
The A c i d i t y  D ependence o f  th e  
Rearrangement R e a c t io n
The r a t e  o f  rearran gem ent o f  1 , l - d i p h e n y l - 2 - p r o p y n - l - o l  to
i t s  c o r r e sp o n d in g  a ld eh y d e  e x h i b i t s  l i n e a r i t y  w i th  th e  a c i d i t y  f u n c t i o n ,
HQ. T h is  i n d i c a t e s  t h a t  an a c i d - c a t a l y z e d  r e a c t i o n  i s  t a k in g  p l a c e .
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T h e r e fo r e ,  o n ly  t h e s e  ty p e s  o f  r e a c t i o n  schem es need b e  c o n s id e r e d .  
The s l o p e  o f  th e  - l o g  k v e r s u s  p l o t s  ranged from + 1 .1 7  to  + 1 ; 6 8 .
A - l  r e a c t i o n s ,  b e in g  f i r s t - o r d e r  r e a c t i o n s ,  a r e  e x p e c te d  to  show a 
l i n e a r  c o r r e l a t i o n  betw een  - l o g  k and H . The a c i d - c a t a l y z e d
i s o m e r i z a t i o n  o f  c i s - 4 -m e th o x y c h a lc o n e  w hich  i s  known to  p ro ceed  by
an A - l  mechanism and has been  shown to  e x h i b i t  a s l o p e  o f  1 .1 4
35s u p p o r ts  t h i s  e x p e c t a t i o n .  L ik e w is e ,  A-2 r e a c t i o n s ,  i n  w hich  th e
c o n c e n t r a t io n  o f  th e  w a ter  p r e s e n t  i s  h ig h  (m o d era te ly  c o n c e n tr a te d
a c i d ) ,  show t h i s  same l i n e a r  c o r r e l a t i o n .  S u p p o rt in g  e v id e n c e  i s  th e
a c i d - c a t a l y z e d  h y d r a t io n  o f  e t h y le n e  o x id e  w hich  e x h i b i t s  a s l o p e  o f
3 61 .0 6  and i s  known to  r e a c t  through  an A-2 mechanism. On t h e  o th e r  
hand, th e  h y d r a t io n  o f  c i s - c h a lc o n e  i s  found to  e x h i b i t  a s l o p e  o f
0 .4 5  and a l s o  p r o c e e d s  by an A-2 m echanism . T h is  c u r v a tu r e  in  i t s  
Hq p r o f i l e  i s  due to th e  h ig h  a c id  c o n c e n t r a t i o n s  th a t  a r e  needed  in
35 37o r d e r  to  g e t  a m easu rab le  r e a c t i o n  r a t e .  * At h ig h  a c id  con cen ­
t r a t i o n s ,  th e  a c t i v i t y  o f  w a t e r ' f a l l s  s h a r p ly ,  th u s ,  th e  r e t a r d a t i o n
f .  29bo f  th e  r e a c t i o n  r a t e .
T h e r e fo r e ,  w h i le  t h i s  d oes  n o t  p r o v id e  a means o f  d i f ­
f e r e n t i a t i n g  b etw een  Schemes A and B, i t  does  a l lo w  one to  p r e d i c t
from th e  p l o t  o f  - l o g  k v e r s u s  H , th e  b e h a v io r  o f  th e  r e a c t i o n  a to o
a c i d i t i e s  th a t  can n ot a c t u a l l y  be s t u d i e d .  I f  th e  r a t e  o f  r e a c t i o n  
c o u ld  be s t u d ie d  i n  an aqueous a c id  b u f f e r  s o l u t i o n ,  a s tu d y  o f  
g e n e r a l  a c id  c a t a l y s i s  c o u ld  be made. I f  th e  r e s u l t s  from such  a 
s tu d y  im p lie d  s p e c i f i c  a c id  c a t a l y s i s ,  i t  would g i v e  c o n v in c in g
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e v id e n c e  f o r  a r e a c t i o n  Scheme A w ith  th e  r a t e - d e t e r m in in g  s t e p
p r o c e e d in g  by mechanism (2b) ( c f . p .  29 ) . T h is  i s  b e c a u s e  o n ly  one
o f  th e  fo u r  r a t e  e x p r e s s io n s  th a t  can be w r i t t e n  f o r  th e  mechanisms
3 8under c o n s i d e r a t i o n  i n d i c a t e s  s p e c i f i c  a c i d  c a t a l y s i s .  The o th e r  
th r e e  i n d i c a t e  g e n e r a l  a c id  c a t a l y s i s  ( c f .  F i g .  2 ) .  U n f o r t u n a t e ly ,  
th e  r e a c t i o n  r a t e  o f  t h i s  sy s te m  makes t h i s  s tu d y  im p o s s ib l e .
The E f f e c t  o f  Temperature on 
th e  Rate o f  Rearrangement
The e f f e c t  o f  tem p era tu re  on th e  r e a c t i o n  r a t e  was measured
so  t h a t  th e  a c t i v a t i o n  param eters  f o r  th e  rearrangem ent o f  th e
1 , l - d i p h e n y l - 2 - p r o p y n - l - o l  c o u ld  b e  c a l c u l a t e d .  The en ergy  o f
a c t i v a t i o n  (Ea ) , e n tro p y  o f  a c t i v a t i o n  ( A s h ,  e n t h a lp }7 o f  a c t i v a t i o n
JL. I
(A H O , and f r e e  en erg y  o f  a c t i v a t i o n  (AG*) a re  t a b u la t e d  in  T a b le  IV.
A c t i v a t i o n  p aram eters  must be  used  w ith  c a r e  when t r y in g  to  
d eterm in e  m e c h a n i s m . ^ ^  W hile  some d i s t i n c t i o n s  a r e  e v id e n t  
in  th e  r e l a t i v e  m agn itu d es  o f  th e  e n tr o p y  o f  a c t i v a t i o n  f o r  A - l ,  A -2 ,  
and A-S 2 r e a c t i o n s ,  to argue i n  fa v o r  o f  one s o l e l y  b e c a u s e  th e
en tr o p y  o f  a c t i v a t i o n  i s  l a r g e  o r  s m a ll  i s  d i f f i c u l t .  In th e  A - l  
mechanism p o s i t i v e  v a l u e s  f o r  th e  en tr o p y  o f  a c t i v a t i o n  would be  
e x p e c te d  s i n c e  th e  r e a c t i o n  p r o c e e d s  from a more o rd ered  s t a t e
+
(p r o to n a te d  s u b s t r a t e )  to  a l e s s  ord ere d  s t a t e  ( u s u a l l y  H^ O and R ) .
J=
A -2 mechanisms would be e x p e c te d  to  e x h i b i t  n e g a t i v e  AS' v a lu e s  
s i n c e  in  t h e s e  r e a c t i o n s  two s p e c i e s  [ n u c l e o p h i l e  ( in  t h i s  c a s e ,  th e  
s o l v e n t )  and s u b s t r a t e  ] are  com bining to  form one s p e c i e .  C ontrary  
to  t h e s e  e x p e c t a t i o n s ,  th e  l i t e r a t u r e  shows th a t  a number o f  r e a c t i o n s
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+ k l  +I .  S +  BH 5 ==* SH + B
kl
+  k2 +SH + H20 — P + H30
W rit in g  s t e a d y - s t a t e  f o r  [SH+ ] ; w i t h  [Ho0] in c o r p o r a te d  in t o
V
k1 [S][BH+ ] ~ [SH+ ]£B] -  k2 [SH+ ] = 0
HP + k k [S][BH+ ]
' = k .[S H  ] =* • d t  2 k_x [B] + k2
A. k ^[B] >> k2 » i . e . ,  secon d  s t e p  i s  r a t e - d e t e r m in in g .
Remember, BH+ +  ^=^-B + and
[B] [H 0+ ]
K = -
[BH+ ] 
k kdP 1 2  +
• • f F - k ^ r  [SJtH3° ]
S p e c i f i c  A c i d - c a t a l y s i s  (pseudo A-2)
B. k 9 >> k_3 [B] ,  i . e . ,  f i r s t  s t e p  i s  r a t e - d e t e r m in in g
£  -  k1 [S][BH+ ]
G en era l A c i d - c a t a l y s i s  (A-S 2)E
+ k1 +I I .  S + BH SH + B
ki
+  k2 +SH -f* B  ^  P +  BH
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+
W r it in g  s t e a d y - s t a t e  f o r  [SH ] ;
k [S][BH+ ] -  k [SH+ ][B ] -  k2 [SH+ ][B ]  = 0 
= k„[SH ] [B] =« * d t  2 J L J k, + k,
A. k_^ >> k2 , seco n d  s t e p  r a t e - d e t e r m in in g
dP _ k l k2 rc. U R H + 1 
d t  _ k_ 1  [a][BH 1
G en era l A c i d - c a t a l y s i s  (A - l )
B. ^2 >y ^ - 1 ’ f i-r s t  s t e P r a t e - d e t e r m in in g
dP +
G enera l A c i d - c a t a l y s i s  (A-S 2)
Jtj
F i g .  2 .  Four Mechanisms E x h ib it in g ^  
A c i d - C a t a l y s i s  in  Aqueous S o l u t i o n ^
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TABLE IV
ACTIVATION PARAMETERS FOR THE REARRANGEMENT 
OF l,l-DIPHENYL-2-PROPYN-l-OL AT 25°
Ea AH+" (k c a l /m o le ) A S+X e.u .) AG^ ( k c a l /m o le )
a
+ 1 5 .6 + 1 5 .0 - 2 7 . 4 + 2 3 .2
b
+ 2 0 .4 + 1 9 .9 - 1 4 . 9 + 2 4 .3
aAt H = 0 . 0  o
bAt  H = 0 . 5  o
known to  p roceed  by an A - l  mechanism e x h i b i t  n e g a t i v e  AS^ " v a l u e s .  
T ab le  V c o n t a in s  th e  e n tro p y  o f  a c t i v a t i o n  v a l u e s  f o r  some known 
r e a c t i o n s  and amply i l l u s t r a t e s  t h i s  phenomenon.
I f  one exam ines th e  r e a c t i o n  p a th s  o f  b o th  th e  A - l  and A-2  
mechanisms (Scheme A (2a) and (2b) a b o v e ) , i t  can be s e e n  t h a t  t h i s  
i s  n o t  u n r e a s o n a b le .  In each mechanism th e  f i r s t  s t e p  i s  f a s t  
p r o t o n a t io n .  Thus, th e  s u b s t r a t e  and s o l v e n t  form one s p e c i e .  T h is  
i n c r e a s e  in  o rd er  would g iv e  r i s e  to  an en tro p y  o f  a c t i v a t i o n  w ith  
a n e g a t i v e  v a l u e .  In th e  secon d  s t e p  o f  th e  A - l  mechanism, th e  





o f  w a ter  from th e  p r o to n a te d  s p e c i e  c a u s e s  an i n c r e a s e  in  d is o r d e r  
and, t h e r e f o r e ,  an e n tro p y  o f  a c t i v a t i o n  g r e a t e r  than z e r o .  The
4=
m agnitude o f  th e  p o s i t i v e  AS1 v a lu e  depends on how f a r  a p a r t  th e  w ater  
m o le c u le  and th e  s u b s t r a t e  t r a v e l .  I t  i s  th e  c o n t r i b u t i o n s  from 
t h e s e  two s t e p s  t h a t  y i e l d  th e  sm a ll  n e g a t i v e  en tro p y  o f  a c t i v a t i o n  
v a lu e s  e x h i b i t e d  f o r  A - l  typ e  m echanism s.
I f  one c o n s id e r s  th e  secon d  s t e p  in  th e  A-2 ty p e  mechanism, 
i t  i s  s e e n  t h a t  th e  p r o to n a te d  s p e c i e  i s  r e a c t i n g  w ith  th e  s o l v e n t  
(w ater  in  t h i s  c a s e )  to form a t r a n s i t i o n  s t a t e  com plex t h a t  h as  a t  
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i n  th e  a c t i v a t e d  com plex . T his  i n c r e a s e  in  ord er  would y i e l d  n e g a t i v e
4=
ASl v a l u e s .  The l o s s  o f  en tro p y  c o n tr ib u te d  by each  w a ter  m o le c u le
40fr o z e n  in  th e  t r a n s i t i o n  s t a t e  i s  betw een  5 and 6 e . u .  T h e r e fo r e ,
one would e x p e c t  more n e g a t i v e  v a lu e s  f o r  A-2 ty p e  mechanisms than
t h o s e  e x h i b i t e d  by A - l  mechanisms ( c f . T able  V ) .
The t h ir d  m e c h a n is t i c  scheme b e in g  c o n s id e r e d ,  A-S 2 , has b eenh
o b se r v e d  to  e x h i b i t  e n t r o p ie s  o f  a c t i v a t i o n  from zero  to  v e r y  n e g a t iv e  
v a lu e s  ( c f .  T ab le  V ).
The en tro p y  o f  a c t i v a t i o n  ( a t  Hq = 0 . 0 )  c a l c u l a t e d  from th e
d a ta  i n  Table  I ,  a s s o c i a t e d  w i t h  th e  compound under s t u d y ,  i s  - 2 7 . 4  e . u .  
a t  25°C ( c f .  T ab le  I V) .  From th e  above d i s c u s s i o n  and by comparing  
t h i s  v a lu e  w ith  th o s e  l i s t e d  in  T ab le  V, i t  can be  s e e n  th a t  i t  would  
be im p o s s ib le  to  e l i m i n a t e  any o f  th e  r e a c t i o n  schem es b e in g  con­
s id e r e d  b ased  on t h i s  in fo r m a t io n .
The E f f e c t  o f  S t r u c tu r e  
on th e  Rate o f  Rearrangement
S u b s t i t u e n t s  a f f e c t  th e  r a t e  o f  a r e a c t i o n  by a l t e r i n g  th e
e l e c t r o n  d e n s i t y  about th e  r e a c t i o n  c e n t e r .  For exam ple , i t  h as  been
found t h a t  r e a c t i o n s  w hich  p ro ceed  by a carbonium io n  in t e r m e d ia t e
p ro cee d  i n  su ch  a manner th a t  an i n c r e a s e  o f  e l e c t r o n  d e n s i t y  a t  th e
r e a c t i o n  c e n t e r  w i l l  h e lp  f a c i l i t a t e  i t .  Thus, s u b s t i t u e n t s  th a t
b r in g  about such  an i n c r e a s e  w i l l  c a u se  an i n c r e a s e  in  th e  r e a c t i o n
r a t e .
The e x t r a  thermodynamic f r e e  e n e r g y  r e l a t i o n s h i p  d e v e lo p e d
41
by Hammett a l lo w s  one to  c l a s s i f y  r e a c t i o n s  a c c o r d in g  to  how su b­
s t i t u e n t s  a f f e c t  them.
lo g  —  = op
A,o
T h is  e q u a t io n  a l l o w s  one to  c a l c u l a t e  th e  r a t e  or  e q u i l ib r iu m  con­
s t a n t ,  k , a s s o c i a t e d  w i th  th e  r e a c t i o n  o f  any one o f  th e  s u b s t i t u t e d  
d e r i v a t i v e s ,  from th e  v a lu e s  o f  kQ, f o r  th e  u n s u b s t i t u t e d  compound
41and th e  two param eters  o and p. Rho, p, i s  th e  r e a c t i o n  c o n s ta n t  
and i s  a m easure o f  th e  s e n s i t i v i t y  o f  a g iv e n  r e a c t i o n  s e r i e s  to  
r in g  s u b s t i t u e n t s .  I t  i s  dependent upon th e  n a tu r e  o f  th e  r e a c t i o n  
and th e  c o n d i t io n s  under w hich  i t  ta k e s  p l a c e .  Sigma, a ,  i s  th e  
s u b s t i t u e n t  c o n s t a n t ,  and i s  c h a r a c t e r i s t i c  o n ly  o f  th e  s u b s t i t u e n t .  
I t  i s  a m easure o f  th e  t o t a l  e l e c t r i c a l  e f f e c t s  o f  a s u b s t i t u e n t  
when i t  i s  a t ta c h e d  to  a b en zen e  r i n g .  A p o s i t i v e  v a lu e  f o r  s ig m a ,a ,  
i n d i c a t e s  t h a t  th e  s u b s t i t u t e d  group i s  e l e c t r o n — w ith d ra w in g  w ith  
r e s p e c t  to  h yd rogen . A n e g a t iv e  s ig m a , a ,  v a lu e  i n d i c a t e s  t h a t  th e  
group i s  e l e c t r o n — d o n a t in g  w ith  r e s p e c t  to  h yd rogen . W hile  th e  
sigm a v a lu e s  tend  to  h o ld  tru e  f o r  meta and para s u b s t i t u e n t s ,  th e  
tr e a tm e n t  f a i l s  f o r  o r th o  s u b s t i t u e n t s .  T his  i s  b e c a u se  in  or th o  
compounds, s t e r i c  e f f e c t s  a re  p r e s e n t  i n  a d d i t io n  to  th e  e l e c t r i c a l  
e f f e c t s .
Hammett used  th e  d i s s o c i a t i o n  r e a c t i o n  o f  b e n z o ic  a c id  to
41fo r m u la te  t h i s  r e l a t i o n s h i p .  C o l l e c t i n g  th e  e q u i l ib r iu m  c o n s t a n t s  
o f  a number o f  s u b s t i t u t e d  b e n z o ic  a c i d s  and a r b i t r a r i l y  s e t t i n g  rho ,  
p, f o r  t h i s  r e a c t i o n  s e r i e s  as u n i t y ,  he was a b le  to  d e f i n e  a s e t  o f  
s u b s t i t u e n t  c o n s t a n t s ,  a .  With t h i s  s e t  o f  sigm a v a l u e s ,  rho v a lu e s
42
f o r  o t h e r  r e a c t i o n s  c o u ld  th en  be o b ta in e d  as  lo n g  as  th e  r a t e s  o f
two s u b s t i t u t e d  compounds were known. S in c e  rh o ,  p , i s  th e  s l o p e  o f
th e  p l o t  o f  l o g  k _ . v e r s u s  a ,  a s l o p e  s t e e p e r  than u n i tr e l a t i v e
i n d i c a t e s  th a t  th e  r e a c t i o n  has a g r e a t e r  s e n s i t i v i t y  to  s u b s t i t u t i o n  
than  b e n z o ic  a c id  (a p o s i t i v e  v a lu e  f o r  p— i n d i c a t i n g  th a t  th e  r a t e  
o f  th e  r e a c t i o n  s e r i e s  i s  enhanced by e l e c t r o n - w i t h d r a w a l ) . A s lo p e  
o f  o p p o s ite ,  s i g n  (a n e g a t iv e  v a lu e  f o r  p) i n d i c a t e s  t h a t  th e  r a t e  o f  
th e  r e a c t i o n  s e r i e s  i s  enhanced by e l e c t r o n - d o n a t i o n .
A lthough  th e  sigm a c o n s t a n t s  c a l c u l a t e d  by Hammett w ere used  
s u c c e s s f u l l y  in  a number o f  d i f f e r e n t  s y s t e m s ,  i t  l a t e r  became c l e a r  
t h a t  t h e i r  s u c c e s s  was l i m i t e d  to  t h o s e  r e a c t i o n s  i n  w hich  th e r e  was 
l i t t l e  or  no r e s o n a n c e  i n t e r a c t i o n  o f  th e  s u b s t i t u e n t  w i th  any ch arge  
d e v e lo p e d  a t  th e  r e a c t i o n  c e n t e r .  Thus, two .new s e t s  o f  s igm a v a lu e s  
w ere n eed ed — one f o r  c a s e s  in  w hich an e l e c t r o n - r e l e a s i n g  group  
i n t e r a c t s  w ith  a d e v e lo p in g  p o s i t i v e  ch arge  a t  th e  r e a c t i o n  c e n t e r  and 
on e f o r  c a s e s  in  w hich  an e le c t r o n - w i t h d r a w in g  group i n t e r a c t s  w i th  a 
d e v e lo p in g  n e g a t i v e  c h a r g e .  ^
42In 1 9 5 8 ,  Brown and Okamoto d e v i s e d  a scheme f o r  d e f i n i n g  a 
new s u b s t i t u e n t  c o n s t a n t ,  cr+ . They had n o t i c e d  t h a t  w h i l e  th e  
s o l v o l y s i s  r a t e s  o f  m e ta - s u b s t i t u t e d  2 -p h e n y 1 - 2 - p r o p y l  c h lo r id e s  in  
90% aqueous a c e to n e  a t  25° c o r r e l a t e d  w e l l  w i th  Hammett c a l c u l a t e d  
s igm a c o n s t a n t s ,  th e  p a r a - s u b s t i t u t e d  compounds d id  n o t .  They con­
t r i b u t e d  t h i s  b e h a v io r  to th e  r e so n a n c e  i n t e r a c t i o n  p a r a - s u b s t i t u e n t s  
a r e  e x p e c te d  to  show w it h  th e  d e v e lo p in g  ch arge  a t  th e  r e a c t i o n  
c e n t e r .  U sin g  th e  s o l v o l y s i s  o f  2 - p h e n y l - 2 - c h lo r o p r o p a n e , under th e
43
c o n d i t io n s  p r e v i o u s l y  s t a t e d ,  as  th e  s ta n d a rd  r e a c t i o n  and th e
Hammett o c o n s t a n t s ,  th ey  d e r iv e d  a rho v a lu e  f o r  a m e t a - s u b s t i t u t e d  m y ------ -
r e a c t i o n  s e r i e s .  From t h i s  r e a c t i o n  c o n s t a n t ,  th ey  w ere then  a b le
to  o b t a in  a new s e t  o f  a v a lu e s  f o r  th e  p a r a - s u b s t i t u e n t s . These
s ig m a - p lu s ,  a"*", v a lu e s  a re  u s e f u l  in  any r e a c t i o n  sy stem  where
p o s i t i v e  ch arge  i s  g e n e r a te d  in  c o n j u g a t io n  w ith  th e  para  p o s i t i o n  o f
an a ro m a tic  r i n g .  Some exam ples o f  r e a c t i o n s  c o r r e l a t i n g  w ith
may be s e e n  in  T ab le  VI.
A lthough  s u b s t i t u e n t  e f f e c t s  on 1 , l - d i p h e n y l - 2 - p r o p y n - l - o l
have  n o t  yet: been  s t u d i e d ,  th ey  have  been  d eterm in ed  f o r  a s i m i l a r
43compound. S c h i a v e l l i ,  e t  a l . ,  s t u d i e d  th e  r a t e  o f  rearran gem en t o f
a s e r i e s  o f  t r i a r y l p r o p a r g y l  a l c o h o l s ,  6 4 a - f ,  under c o n d i t i o n sv
s i m i l a r  to  th e  on es  in  t h i s  s t u d y .  The same r e a c t i o n  schem es as  
R, OH EL EL 0
\  i — \  li
p ^ . C - C E C - R „  _ C— C ~ C  —R0 ----------->- _ ^C=CH-C-Rq
64 65 66
a . Ri R2 R3 -
b . RxwL.
-e-iiCMII R3 = £ - ch3<}i
c . R1 = r 2 = 4* r 3
II fa 1 n I—*
d. R1 -  * 2  ‘  4 R3 = _£-CH 0<|>
e . R1 = R3 -  * ■ R2 = £ - c h 3 o(|)
f . R1 = R3 = 4 R2 = J3-Cl(j)
44
t h o s e  d e s c r ib e d  e a r l i e r  i n  t h i s  paper w ere p ro p o sed .  The r e s u l t s  are  
summarized in  F ig u r e s  3 ,  4 ,  and 5 .  A p l o t  o f  l o g  k (H = 0 . 0 )  v e r s u s  
a y i e l d s  p = - 1 . 8  f o r  s u b s t i t u e n t s  in  a 1 -p h e n y l  r in g  and p = - 1 . 7  
f o r  s u b s t i t u e n t s  in  a 3 -p h e n y l  r i n g .  The n e g a t i v e  p v a lu e  su p p o r ts  
r e a c t i o n  Scheme A w here a ch arge  d e l o c a l i z e d  c a t i o n  i s  i n v o lv e d .  I t  
t e l l s  one t h a t  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  i n c r e a s e  th e  r a t e
through r e s o n a n c e .  Scheme B would  n o t  be e x p e c te d  to  e x h i b i t  th e  
s u b s t i t u e n t  e f f e c t s  o b s e r v e d  u n l e s s  a s t e p  a f t e r  p r o t o n a t io n  a t  carbon  
was th e  s lo w  s t e p .  T h is  ap pears to  be h ig h ly  u n l i k e l y  when compared 
w it h  th e  h y d r a t io n  o f  p - c h lo r o p h e n y la c e t y l e n e  and p -m e th y lp h e n y l-  
a c e t .y le n e  w hich  a re  known to  be h y d ra ted  by j u s t  su ch  a mechanism.
The r a t e  o f  h y d r a t io n  o f  s u b s t i t u t e d  p h e n y la c e t y l e n e s  c o r r e l a t e d  w ith  
cr+ c o n s t a n t s  g i v e s  a p v a lu e  o f  - 3 . 8 4 ^  ( c f .  F ig .  5 ) .  The two su b­
s t i t u t e d  p h e n y la c e t y l e n e s  m entioned  above a r e  h y d ra ted  to  th e
co r r e s p o n d in g  k e to n e  575 and 180 t im es  s lo w e r  than  th e  co r r e s p o n d in g
4464c and 64b undergo rearrangem ent under th e  same c o n d i t i o n s .
From th e  p v a lu e  f o r  th e  t r i a r y l p r o p a r g y l  a l c o h o l s  and from th e  d a ta  
i n  T able  VI, i t  can b e  p r e d ic t e d  t h a t  th e  p v a lu e  f o r  a s e r i e s  o f  
s u b s t i t u t e d  d ip h e n y lp r o p a r g y l  a l c o h o l s  would be a t  l e a s t  as n e g a t i v e .  
I f  you  compare s i m i l a r  sy s te m s  ( c f .  T able  VI ) ,  i t  can be s e e n  t h a t  an 
i n c r e a s e  in  ch arge  s t a b i l i z i n g  grbups (su ch  as  in  th e  c a s e  o f  g o in g  
from b en zh y d ro l to  th e  t r i p h e n y l c a r b i n y l  sy stem ) c a u s e s  a d e c r e a s e
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(&) T r i a r y l p r o p a r g y l  a l c o h o l  rearrangem ent
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F i g .  5 .  S u b s t i t u e n t  E f f e c t s  in  th e  Rearrangement  o f  
T r i a r y l p r o p a r g y l  A l c o h o l s  and i n  P h e n y l a c e t y l e n e  
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i n  t h e  a b s o l u t e  v a l u e  o f  p.  T h is  a f f e c t s  t h e  p o s i t i v e  ch arge  
d e l o c a l i z a t i o n  i n  th e  i n t e r m e d i a t e .  T h e r e f o r e ,  th e  t r i a r y l p r o p a r g y l  
s y s t e m  w i t h  t h r e e  s t a b i l i z i n g  groups w i l l  have  a s m a l l e r  p v a l u e  
than  a s i m i l a r  s y s t e m ,  l i k e  th e  one  s t u d i e d  h e r e  w i t h  j u s t  two 
s t a b i l i z i n g  group s .
The S o l v e n t  I s o t o p e  E f f e c t  
on th e  Rate o f  Rearrangement
S o l v e n t  d euter iu m  i s o t o p e  e f f e c t s  a r e  an im p ortan t  t o o l  f o r
th e  d e t e r m i n a t i o n  o f  th e  mechanism o f  r e a c t i o n s ,  p a r t i c u l a r l y  t h o s e
c a t a l y z e d  by a c i d s  and b a s e s .  They a re  t h e  e x p e r i m e n t a l l y  o b s erv ed
e f f e c t s  caused  by a change o f  s o l v e n t  from w a te r  to  deu ter iu m  o x i d e .
T h is  change i n  s o l v e n t  from one c o n t a i n i n g  a l i g h t  i s o t o p e  to one
h a v in g  a heavy i s o t o p e  a l t e r s  th e  p h y s i c a l  p r o p e r t i e s  o f  the  s o l v e n t
and s o l v e n t  p r o p e r t i e s  can i n f l u e n c e  th e  r a t e  o f  r e a c t i o n  i n  s o l u t i o n .
There have  been  two d i f f e r e n t  c o n c e p t s  used  to e v a l u a t e  t h e s e
i s o t o p e  e f f e c t s  a s s o c i a t e d  w i t h  r e a c t i o n  r a t e s  and e q u i l i b r i a  in
i s o t o p i c  s o l u t i o n s .  Bunton and S h in er  have d e v e lo p e d  a method f o r
t h e  c a l c u l a t i o n  o f  such  e f f e c t s  b ased  s o l e l y  on s o l u t e - s o l v e n t  i n t e r -  
45a c t i o n s .  They have  s u g g e s t e d  t h a t  th e  deu ter iu m  o x i d e  s o l v e n t
i s o t o p e  e f f e c t  on aqueous a c i d  d i s s o c i a t i o n  c o n s t a n t s  a r i s e s  p r i n ­
c i p a l l y  from changes  i n  z e r o - p o i n t  energy  a s s o c i a t e d  p r i m a r i l y  w i t h  
changes  i n  both  th e  number o f  hydrogen  bonds b e tw een  th e  s o l u t e  and 
s o l v e n t  and th e  hydrogen  bond s t r e n g t h .  They fo r m u la te d  a s e t  o f
r u l e s  f o r  d e te r m i n i n g  th e  number o f  hydrogen  bonds a f f e c t e d  by th e  
45ar e a c t i o n .  By combining t h e s e  r u l e s  w i t h  th e  a c c e p t e d  a s s i g n m e n ts
o f  c e r t a i n  0 -H v i b r a t i o n a l  f r e q u e n c i e s  i n  aqueous s o l u t i o n ,  they  
were a b l e  to c o n s t r u c t  s im p l e  models  f o r  the  i n i t i a l  and t r a n s i t i o n  
s t a t e s  and, t h u s ,  e s t i m a t e  the  s o l v e n t  i s o t o p e  e f f e c t  on a s y s t e m .
T h e ir  a c c u r a c y  depends a g r e a t  d e a l  upon t h e  model t h a t  th ey  
ch ose  f o r  the  t r a n s i t i o n  s t a t e .  They c o n s t r u c t e d  extreme t r a n s i t i o n -  
s t a t e  models f o r  each  r e a c t i o n  mechanism under c o n s i d e r a t i o n .  In  a 
u n im o le c u l a r  d i s s o c i a t i o n  or  a b i m o l e c u l a r  a s s o c i a t i o n ,  they  con­
s i d e r e d  two p o s s i b l e  m o d e l s — one i n  w hich  a l l  t h e  p a r t i a l  bonds a t  
th e  r e a c t i o n  c e n t e r  were  c o n s i d e r e d  f u l l y  " c o v a le n t "  and a secon d  
i n  which t h e s e  bonds were p u r e l y  " e l e c t r o s t a t i c "  i n  c h a r a c t e r .  While  
n e i t h e r  o f  t h e s e  models  i s  l i k e l y  to  r e s em b le  th e  r e a l  t r a n s i t i o n  
s t a t e  e x a c t l y ,  th e  v a l u e s  o b t a i n e d  sh o u ld  b r a c k e t  th e  c o r r e c t  v a l u e  
f o r  any g i v e n  mechanism. For a b i m o l e c u l a r  d i s p l a c e m e n t ,  fou r  models  
would be  c o n s i d e r e d .  T h e r e f o r e ,  by c o n s t r u c t i n g  t r a n s i t i o n - s t a t e  
models  f o r  th e  v a r i o u s  mechanisms,  th e y  co u ld  d e l i n e a t e  betw een  t h o s e
b e i n g  c o n s i d e r e d  by j u s t  comparing th e  c a l c u l a t e d  and o b s e r v e d  
45bv a l u e s .
For example ,  t h e i r  t r e a tm e n t  p r e d i c t s  a maximum s o l v e n t  
i s o t o p e  e f f e c t  f o r  a s lo w  p r o to n  t r a n s f e r  r e a c t i o n  to  be  
45ck„ r/V. n -  3 . 6 .  T h is  number i s  b ased  on a s y m m e tr ic a l  t r a n s i t i o n -
h 2 o d 2 0 7
s t a t e  model where t h e  s eco n d a ry  s o l v e n t  i s o t o p e  e f f e c t  was c a l c u l a t e d  
from th e  d i f f e r e n c e  i n  th e  v a r i o u s  0-H s t r e t c h i n g  f r e q u e n c i e s  b etw een  
v i n i t i a l - v  t r a n s i t i o n .  By u s i n g  a v a l u e  o f  v 6 f o r  t h e  maximum 
i s o t o p e  e f f e c t  due to primary hydrogen  t r a n s f e r  and t h e  c a l c u l a t e d  
v a l u e  o f  0 . 6 1  f o r  th e  secon d ary  s o l v e n t  i s o t o p e  e f f e c t ,  then  th e
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45maximum n e t  e f f e c t  w i l l  be k n/ k  = v 6 x  0 . 6 1  -  3 . 6 .  R e a c t i o n s
2 2
which  do n o t  i n v o l v e  a p r o to n  t r a n s f e r  i n  t h e i r  r a t e - d e t e r m i n i n g  s t e p
w i l l  i n v o l v e  o n l y  secon d ary  s o l v e n t  i s o t o p e  e f f e c t s .  T h e ir  lc n / k
2 2
w i l l  be  s m a l l .  Table  VII c o n t a i n s  s e v e r a l  w e l l -d o c u m e n t e d  examples  
f o r  th e  mechanisms under c o n s i d e r a t i o n .  I t  i s  n o te d  t h a t  k n/k^ n f o r
H2 °  2
A-Sg2 r e a c t i o n s  a r e  g e n e r a l l y  above  1 . 5 0  and t h a t  th ey  a r e  b e low  u n i t y
f o r  A - l  and A-2 r e a c t i o n s .
46 47Swain and Bader and Swain and Thornton have  v ie w ed  the
o r i g i n  o f  s o l v e n t  i s o t o p e  e f f e c t s  a s  a p e r t u r b a t i o n  o f  th e  s o l v e n t  by
t h e  s o l u t e .  They uphold  t h a t  D2 0 i s  more s t r u c t u r e d  than I^O, due to
t h e  t h r e e  a d d i t i o n a l  l i b r a t i o n s  i t  p o s s e s s e s .  Th is  means t h a t  i t  a l s o  
has  a g r e a t e r  zero  p o i n t  energy  than H2 0 and p o s s e s s e s  l e s s  o p t i c a l
r o t a t i o n .  When a s o l u t e  d i s r u p t s  t h e  s t r u c t u r e  o f  t h e  D2 0 and, t h u s ,
d e c r e a s e s  some o f  t h e s e  l i b r a t i o n  f r e q u e n c i e s ,  i t  i s  d e c r e a s i n g  th e  
z e r o - p o i n t  e n e r g i e s  and i n c r e a s i n g  th e  i s o t o p e  e f f e c t .  The l a c k  o f  
s o l u b i l i t y  d a ta  p r e v e n t s  t h i s  t r e a t m e n t  from b e i n g  performed on th e  
compound under i n v e s t i g a t i o n  i n  t h i s  work.
The s o l v e n t  d eu ter iu m  i s o t o p e  e f f e c t  on th e  rearran gem en t  
o f  1 , l - d i p h e n y l - 2 - p r o p y n - l - o l  was measured a t  2 5 ° C to  b e  + 0 . 5 2 .  T h is  
r e l a t i v e l y  s m a l l  i s o t o p e  e f f e c t  compares f a v o r a b l y  w i t h  t h o s e  o b s e r v e d  
f o r  r e a c t i o n s  i n  which  th e  r a t e - d e t e r m i n i n g  s t e p  i s  e i t h e r  e l i m i n a t i o n  
o f  w a te r  or n u c l e o p h i l l i c  a t t a c k  o f  w a te r  upon th e  p r o t o n a t e d  s p e c i e s —  
A - l  and A-2 ty p e  mechanisms.  I t  i s  n o t  in  agreement  w i t h  th e  s o l v e n t
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TABLE VII
SOLVENT DEUTERIUM ISOTOPE EFFECTS FOR 
SELECTED ACID-CATALYZED REACTIONS
Compound R e a c t io n S o l v e n t T kH2 0 /
kD20
Ref
I .1 R a t e - l i m i t i n g  a d d i t i o n  o f  w a ter to  SH+ (A-2)
c i s - C h a l c o n e i s o m e r i z a t i o n 5% d io x a n e
3M Ho S0, z 4
25° 0 . 5 2 74
M e t h y l a c e t a t e h y d r o l y s i s 1.4M H SO. z 4 25° 0 . 6 0 75
A cetamide h y d r o l y s i s 0.1M HC1 25° 0 . 6 7 76
E t h y l  form ate h y d r o l y s i s 0.2M HC1 25° 0 . 7 3 77
E th y l  a c e t a t e h y d r o l y s i s - - 0 . 6 3 79
I I . R a t e - l i m i t i n g  d e c o m p o s i t io n  o f SH+ (A- 1 )
Epoxide h y d r o l y s i s 40% aqueous  
d io x a n e
- 0 . 5 78
A c e t a l h y d r o l y s i s 0 . 3 7 79
S u cro se i n v e r s i o n 0 . 4 9 79
E t l iy lo r th o fo r m a te h y d r o l y s i s 0 . 4 3 79
4-methoxy  d ip h e n l  
m eth y l  a c e t a t e h y d r o l y s i s aqueous
d io x a n e
0 . 5 3 50
P i n a c o l rearrangement 1.86N HLSO, 2 4 0 . 4 5 4 5 b , 82
t - B u t y l  a c e t a t e h y d r o l y s i s - - 0 . 5 0 4 5 b , 83
I I I .  R a t e - l i m i t i n g  t r i p l e  bond p r o t o n a t i o n (A-Se2)
P h e n y l a c e t y l e n e h y d r a t i o n 0.5-57%
H2 S°4
25° 2 . 0 - 3 . 5a 44
TABLE VII (continued)
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Compound R e a c t i o n S o l v e n t T kH20 /
kD20
Ref
E t h y l t h i o e t h y n e h y d r a t i o n aq. b u f f e r s 25° 2 . 1 3 80
c i s - l - P r o p e n y l - 1 -
p rop yn y l  e t h e r h y d r a t i o n . 0 0 5M HC10, 4 25° 1 . 7 6 81
P h e n y lp r o p i o l i c .  a c i d h y d r a t i o n 32-76%
H2S04
25° 3 . 4 - 4 . 6 a 69d
P h e n y l b e n z o y l -
2 . 0 - 2 . 2 aa c e t y l e n e s h y d r a t i o n 60-81% aq.  
H2 S°4
25° 69c
ctObserved e f f e c t  w i t h i n  a c i d i t y  ran ge  s t u d i e d .
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i s o t o p e  e f f e c t s  o b s e r v e d  f o r  r a t e - l i m i t i n g  p r o to n  t r a n s f e r — A-S 2E
ty p e  mechanism. T h e r e f o r e ,  t h i s  e l i m i n a t e s  Scheme B from f u r t h e r  
c o n s i d e r a t i o n .
45Bunton and S h i n e r ’s  t h e o r e t i c a l  t r e a t m e n t  f o r  s econ dary
s o l v e n t  i s o t o p e  e f f e c t s  was performed f o r  th e  p o s s i b l e  r a t e - d e t e r m i n i n g
s t e p s  found i n  Scheme A. F i g u r e  6 c o n t a i n s  th e  extreme models f o r
b o th  th e  A - l  and A-2 t r a n s i t i o n  s t a t e s .  Note  t h a t  t h e  models  f o r
A - l  would be th e  same f o r  b o th  the  i n t r a m o l e c u l a r  rearran gem ent  o f
th e  p r o t o n a t e d  s p e c i e s  and th e  i n t e r m o l e c u l a r  rear ran gem en t ,  ( 2 a ) .
The pka f o r  th e  a l c o h o l  i s  assumed to  be th e  same as t h e  pka f o r  
45bw a t e r ,  16 .  T h e r e f o r e ,  from th e  e q u a t io n s  used  f o r  e s t i m a t i n g  the
s t r e t c h i n g  f r e q u e n c i e s  o f  th e  hydrogens  o f  w a t e r  d on ated  to oxygen  
b a s e s  i n  aqueous s o l u t i o n  and f o r  th e  f r e q u e n c i e s  f o r  th e  hydrogen
bonds donated  by a c i d s ,  3400 cm  ^ i s  c a l c u l a t e d  f o r  t h e  donor and
a c c e p t o r  f r e q u e n c i e s  f o r  th e  h y d r o x y l  group o f  t h e  a l c o h o l
The r e l a t i o n  betw een  th e  k i n e t i c  i s o t o p e  e f f e c t  k„ ,- /^k and the
2 2
r e l e v a n t  hydrogen s t r e t c h i n g  f r e q u e n c i e s  i s
£ _  £ ,
v H
\ 20 ^ \ 20 = a n t l l ° g  1 2  . 5 3 T ~
where  £ and £ f a r e  the  sum o f  hydrogen  s t r e t c h i n g  f r e q u e n c i e s  
VH V H
(cm i n  th e  i n i t i a l  and t r a n s i t i o n  s t a t e s ,  r e s p e c t i v e l y ,  and T i s
45ath e  a b s o l u t e  te m p e r a tu r e .
Per form in g  t h e  i n d i c a t e d  c a l c u l a t i o n s ,  one  g e t s  a v a l u e  o f  
0 . 4 4  f o r  th e  " e l e c t r o s t a t i c "  A - l  m od e l ,  "a"; 0 . 7 3  f o r  th e  " c o v a le n t "
A - l  m odel ,  "b"; 0 . 3 9  f o r  t h e  " e l e c t r o s t a t i c "  A-2 model ,  "c"; and 1 . 0 6
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pKa = 16 
v(cm = 2937 + 2 8 . 8  pKa
= 3400 cm ^
• • • D a n g l in g  d o t t e d  l i n e s  r e f e r  to  
hydrogen  bonds to  or  from 
s o l v e n t  w a ter  m o l e c u l e s
E l e c t r o s t a t i c  i n t e r a c t i o n
C o v a le n t  i n t e r a c t i o n







/ \H H* «
H
I = 3 (3 4 0 0 )  + 3 ( 2 9 0 0 )  = 1 8 , 9 0 0  cm 
VH
Model ’’a 1' A - l  " e l e c t r o s t a t i c "
- 1
■ e * _
*h  :  h **\ *  y
K'-'+ *• / \> i Pi . ^
C-C=C-H + .H * H
< K
E , = 3 (3 4 0 0 )  + 4 (3 4 0 0 )  -  3600 = 2 0 , 2 0 0  cm"’
VH
, T7 ( 1 8 , 9 0 0 - 2 0 , 2 0 0 )  cm'
^  0 /KD 0  = a n t l l o § ------ 1------------ *--------------
2 2 ( 1 2 . 5 3 ) (298°k)
Model "b" A - l  " c o v a le n t"
C-C=C-H + HAH.
E r = 2 (2 9 0 0 )  + 4 ( 3 4 0 0 )  = 1 9 , 4 0 0  cm- 1
H
( 1 8 , 9 0 0 - 1 9 , 4 0 0 )  cm 
Ko 0 /Kn o = a n t i l o g  ------*------------ 8--------------
2 U2U (12.53)(298°k)
- 1
0 . 7 3 4
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Model "c" A-2 " e l e c t r o s t a t i c "
•h : h-
0 i 6
\ i 6 +  ’ 6+
^6-C=c- h
0 ^  !
6 6+
H • n K.
Z , = 3 (3 4 0 0 )  + 3 (3 4 0 0 )  = 2 0 , 4 0 0  cm 1
V H
/Tr ( 1 8 , 9 0 0 - 2 0 , 4 0 0 )  cm" 1
^  o /Kn n = a n t l l ° 8  ---- 2--------- 2-------------
2 2 ( 1 2 . 5 3 ) (298°k)
Model "d" A-2 " c o v a le n t"
••H H‘*\ + /
0 . ?
0
i = C - C ~ H
A
H H
Z , = 2 (2 9 0 0 )  + 2 (2 9 0 0 )  + 2 (3 6 0 0 )  = 1 8 , 8 0 0
V H
1 8 , 9 0 0 - 1 8 , 8 0 0
^  o /Kn 0 = a n t l l o § — 4-------- - 1----  =
2 2 ( 1 2 . 5 3 ) (298°k )
1 . 0 6 3
.396
F i g .  6 . Bunton and S h in er  T h e o r e t i c a l  Treatment  
o f  Secondary  S o l v e n t  I s o t o p e  E f f e c t s  
on 1 , l - D i p h e n y l - 2 - p r o p y n - l - o l
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f o r  t h e  " c o v a le n t"  A-2 m odel ,  "d". The v a l u e s  c a l c u l a t e d  f o r  m odels  
"a" and "c" g i v e  good agreement  w i t h  e x p e r i m e n t a l  v a l u e .
While n o t h i n g  can be  s a i d  i n  fa v o r  o f  one o v e r  th e  o t h e r ,  
t h i s  t r e a tm e n t  d oes  i n d i c a t e  t h a t  th e  t r a n s i t i o n  s t a t e  i s  e l e c t r o ­
s t a t i c  i n  c h a r a c t e r ,  n o t  c o v a l e n t .
CHAPTER V
CONCLUSIONS AND PROPOSALS FOR FURTHER STUDY
This i n v e s t i g a t i o n  began w i t h  th e  knowledge t h a t  t e r t i a r y  
a - a c e t y l e n i c  a l c o h o l s  (which do n o t  c o n t a in  a - h y d r o g e n s ) , when p la c e d  
i n  m o d e r a te ly  c o n c e n t r a t e d  a c i d ,  undergo th e  M e y e r -S c h u s te r  r e a r r a n g e ­
ment r e a c t i o n  to  a, 3"U nsaturated  ca r b o n y l  p r o d u c t s .  The r a t e  o f  
rearrangem ent  o f  1 , l - d i p h e n y l - 2 - p r o p y n - l - o l  i n  s u l f u r i c  a c i d  to  
3 , 3 - -d ip h e n y l -" 2 -p r o p e n - l -a l  was found to  e x h i b i t  b oth  f i r s t - o r d e r  
k i n e t i c s  and l i n e a r i t y  w i t h  the  a c i d i t y  f u n c t i o n ,  Hq ( s l o p e  =
1 . 1 7  -  1 . 6 8 ) .  These r e s u l t s ,  a lo n g  w i t h  th e  t em p era tu re  e f f e c t s  
=t=
(AS I = -2 7  e . u . ) ,  p r e d i c t e d  s u b s t i t u e n t  e f f e c t s  (p > - 1 . 8 )  and the  
seco n d a ry  s o l v e n t  i s o t o p e  e f f e c t s  (k^/k^ = 0 . 5 2 )  s u p p o r t  a mechanism
l i k e  th e  one d e p i c t e d  i n  Scheme A— f a s t  e q u i l i b r i u m  fo r m a t io n  o f  th e  
p r o t o n a t e d  a l c o h o l  f o l l o w e d  by a s lo w  f i r s t - o r d e r  rearrangem ent  to  
th e  a l l e n o l .  W ith in  t h i s  scheme,  th e  rearrangem ent  may be i n t r a ­
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A s tu d y  o f  s eco n d a ry  i s o t o p e  e f f e c t s  on t h i s  s y s t e m  would
d ete r m in e  w hether  t h e  rearrangem ent  s t e p  o c c u r s  by r o u t e  2 a or  by
e i t h e r  r o u t e  1 or 2b.  I f  the  rearrangement  o c c u r s  a c c o r d i n g  to  2a ,
no i s o t o p e  e f f e c t  would be e x p e c t e d .  I f  i t  o c c u r s  by e i t h e r  1 or  2b,
84an i s o t o p e  e f f e c t  would be  e x p e c t e d .  Nass has  prep ared  th e  d e u t e r a t e d  





He o b s e r v e d  a s e c o n d a r y  i s o t o p e  e f f e c t  o f  0 . 8 9  a t  = 0 . 1  and 25°C.  
This  e l i m i n a t e s  r o u t e  2a .  He r e p e a t e d  t h e  i s o t o p i c  s t u d y  i n  the  
more p o la r  s o l v e n t ,  e t h a n o l .  The more p o l a r  s o l v e n t  r e s u l t s  i n  a 
t r a n s i t i o n  s t a t e  complex where t h e  s o l v e n t  m o l e c u l e s  a re  n o t  bound 
as  t i g h t l y  to  th e  s u b s t r a t e .  T h e r e f o r e ,  i f  a h e a v i l y  s o l v a t e d  
t r a n s i t i o n  s t a t e  i s  p r e s e n t ,  l i k e  2b ,  i s o t o p e  e f f e c t  c l o s e r  to  u n i t y  
would  be  e x p e c t e d .  Th is  i s  what he found.  The k^/k^ ranged from
0 . 9  8 to 1 . 0 1  over  t h e  range o f  a c i d i t i e s  he  s t u d i e d .  These r e s u l t s ,
a lo n g  w i th  th e  r e s u l t s  o f  the  t h e o r e t i c a l  t r e a tm e n t  o f  th e  s o l v e n t
i s o t o p e  e f f e c t  (agreement  between o b s e r v e d  k7T/ k and th e  c a l c u l a t e dH D
k ^/kp  f o r  model " c " ) , are  good s u p p o r t i v e  e v i d e n c e  f o r  a mechanism
l i k e  th e  one d e p i c t e d  by Scheme A w i t h  th e  rearrangem ent  s t e p  p ro ­
c e e d i n g  by r o u t e  2 b.
The d e f i n i t i v e  exp er im en t  f o r  d i s t i n g u i s h i n g  betw een  th e  
rearrangem ent  r o u t e  1 and 2b would be to perform th e  r e a c t i o n  in  
X 80 l a b e l e d  w a t e r .  I f  th e  rearrangem ent  was to  p roceed  a c c o r d i n g  to  
r o u t e  2b ,  a produ ct  c o n t a i n i n g  a l a b e l e d  c a r b o n y l  oxygen  would be  
e x p e c t e d .  I f  i t  procee d e d  a c c o r d i n g  to  r o u t e  1 ,  an u n l a b e l e d  p rod u ct  
would  be e x p e c t e d .  The f a s t  r a t e  o f  exch an ge  o f  c a r b o n y l  compounds 
would make t h i s  exp er im en t  d i f f i c u l t  and t e n u o u s ,  a t  b e s t .
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